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In the context of climate change, plant mortality is increasing
worldwide in both natural and agroecosystems. However, our
understanding of the underlying causes is limited by the complex
interactions between abiotic and biotic factors and the technical
challenges that limit investigations of these interactions. Here, we
studied the interaction between two main drivers of mortality,
drought and vascular disease (esca), in one of the world’s most
economically valuable fruit crops, grapevine. We found that
drought totally inhibited esca leaf symptom expression. We disen-
tangled the plant physiological response to the two stresses by
quantifying whole-plant water relations (i.e., water potential and
stomatal conductance) and carbon balance (i.e., CO2 assimilation,
chlorophyll, and nonstructural carbohydrates). Our results high-
light the distinct physiology behind these two stress responses,
indicating that esca (and subsequent stomatal conductance
decline) does not result from decreases in water potential and gen-
erates different gas exchange and nonstructural carbohydrate
seasonal dynamics compared to drought.

abiotic–biotic interactions j carbon balance j drought j plant dieback j
vascular disease

For many plant pathogens, it is still largely unknown if their
interactions with abiotic stresses are synergistic, antagonistic,

or neutral. These interactions are particularly crucial in the case
of vascular diseases and drought (1–3). Both affect the same
plant tissue, the xylem vascular network, which is responsible for
the movement of water and nutrients throughout the plant.
A strong synergy when combining drought and vascular disease
could accelerate plant death (1, 3) and has strong implications in
the context of climate change, in which a global increase of
drought and associated plant mortality is expected (4).

Grapevine, one of the most economically valuable crops in
the world (5), is being threatened by future climate change sce-
narios (6). Since the early 2000s, old-world vineyards have
exhibited increasing yield losses, and although the causes are
not completely understood, an increased incidence of trunk dis-
eases has been identified as one of the main contributors (7, 8).
One of the most prominent of these diseases is esca. Esca is a
vascular disease associated with losses in fruit quality and quan-
tity and increased vine mortality, and the mechanisms of esca
pathogenesis are still largely misunderstood (9, 10). This latent
disease primarily affects perennial organs (i.e., the trunk), caus-
ing necrosis of internal tissues. Annual organs (i.e., leaves and
clusters) typically begin to display symptoms in mature plants
(normally older than 10 y) (11, 12). Recent work by our labora-
tory quantified the presence of hydraulic failure in the xylem
tissue of esca-symptomatic leaves and stems (13, 14), and it is
hypothesized that the transpiration stream facilitates the trans-
port of phytotoxic metabolites from the pathogen niche in the
trunk to the leaves (8). Therefore, the physiology controlling
vine water use likely plays a crucial role during esca pathogenesis.

In this context, we hypothesized a strong interaction between
esca and drought, which both affect xylem water transport.
Drought events cause yield decline, and when severe and/or pro-
longed, vine mortality (15, 16). Due to their climatic and edaphic
environment, most of the world’s wine regions are exposed to a
high risk of drought, as irrigation is not a sustainable long-term
solution and rainfall is often not sufficient to supply grapevine
evapotranspiration [e.g., in the Mediterranean area (17, 18)].
Because both drought and esca are associated with xylem hydrau-
lic failure (13, 14, 19) and, theoretically, with nonstructural
carbohydrate (NSC) consumption (1, 3, 8), these stresses could
synergize and amplify the current vineyard decline. Therefore,
there are real and urgent concerns regarding the outcome of the
interaction between drought events and vascular pathogenesis in
the grapevine.

On some levels, plant responses to vascular disease and
drought appear similar and include decreases in leaf gas
exchange (20–22), losses of hydraulic conductivity (14, 23, 24),
wilting (i.e., decreases in cell turgor), and scorching of leaves
(12, 25, 26). Because they induce similar plant responses, it
could be assumed that their interactions would be synergistic.
However, we lack the detailed whole-plant physiology studies
necessary to determine if this is true. This is probably because
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studying disease–drought interaction can be extremely challeng-
ing. Some vascular diseases, including esca, cannot be repro-
duced through the artificial inoculation of plants. Thus, studies
rely on naturally infected field experimentation in which the
disease history of specific plants is largely unknown and apply-
ing well-controlled water deficits (WD) (as well as controlling
other environmental factors) is either difficult or impossible.

The main objective of this study was to explore the interaction
between esca and drought and to disentangle the whole-plant
physiological response to the two stresses. We overcame the tech-
nical barriers by transplanting naturally infected plants with
known disease histories from the field into pots to precisely
manipulate their watering regime and study the combined effect
of esca and drought. We maintained half of the plants under a
WD at a predawn water potential (ΨPD) ∼ �1 MPa during 3 mo
in two consecutive seasons, which simulated a moderate to severe
level of drought (27). During these periods, we quantified
plant–water relations (water potential and whole-plant and leaf-
stomatal conductance), carbon balance (CO2 assimilation, chloro-
phyll content, and NSC quantification in leaves and stems), and
the development of esca symptoms. Our results showed that
whole-plant physiological responses to esca or drought are not
driven by the same underlying mechanisms; once combined, the
two stresses strongly and antagonistically interact, opening per-
spectives on the plant–pathogen–environment relationships
impacting vineyard sustainability.

Results
Drought Inhibits the Formation of Esca Leaf Symptoms. During
vascular diseases, WD conditions can amplify (28, 29), hinder
(30, 31), or have no effect (32) on vascular pathogens. How-
ever, most of the studies examining the impact of WD on
fungal infections cannot be easily interpreted because water
potential values were rarely recorded; thus, in these cases, it is
impossible to assess to what extent plants (and pathogens)
were experiencing drought conditions. In this study, we
uprooted mature (30-y-old) naturally infected plants from the
field after long-term disease monitoring. We divided plants by
their symptom history record: plants that never expressed esca
leaf symptoms (previously asymptomatic [pA]) and plants that
expressed esca leaf symptoms at least once since 2012 (previ-
ously symptomatic [pS]). From July to October (2018 and
2019), we monitored esca leaf symptom development on all

plants while we subjected half of the plants to WD, targeting a
moderate to severe level of stress (ΨPD ∼ �1 MPa) and main-
tained the well-watered (WW) plants at high ΨPD (close to 0
MPa) independently of their disease status (Fig. 1A). The
same plants were subjected to WD each year. In both years,
we observed that ∼30% of WW plants developed esca leaf
symptoms, while WD totally inhibited esca leaf symptom
development, as none of the droughted plants developed leaf
symptoms in either year (Fig. 2). More specifically, in 2018,
14% of the pA plants (WW-pA) and 50% of the pS plants
(WW-pS) expressed esca leaf symptoms (Fig. 2). In 2019, 33%
of WW-pA and 31% of WW-pS plants expressed esca leaf
symptoms. In contrast, the totality of plants subjected to WD
remained asymptomatic during the 2 y, independently of the
disease status during the previous seasons (pA or pS; Fig. 2).
Given the observed frequencies of symptom development in
the WW-pA and WW-pS plants over the 2 y, the likelihood of
having no plants express symptoms during the 2 y was less
than 1 in 100 million. Moreover, esca symptom incidence
found in WW plants is similar to field observations in the par-
cel from which the plants were transplanted. For the period
from 2013 to 2017, we found an average (6 SE) esca incidence
of 39.5 6 7%; more specifically, mean esca incidence in this
parcel was 12.4 6 3% for pA plants (i.e., plants that expressed
esca for the first time each year) and 54.2 6 10% for pS plants
(plants that already expressed esca). To better understand the
whole-plant physiological thresholds underlying each stress, we
explored how plant–water relations and carbon balance
changed under drought or esca at the whole-plant scale.

Water Potential Dynamic during Esca Pathogenesis Was Similar to
Control WW Conditions, Not to Drought. During vascular patho-
genesis, it has been found that Verticillium infection caused a
decrease in minimum water potential (33), inducing a drought-
like event. During esca, only one study found that stem water
potential was not different between esca and asymptomatic
plants (34); however, water potential regulation (disentangling
ΨMD and ΨPD) has never been investigated during esca leaf
symptom development. Applying the theoretical hydraulic model
in plant water movement (35), we hypothesized that the loss in
hydraulic conductivity observed during esca (13, 14) would
induce an increase in xylem tension (i.e., decrease in minimum
water potential) in symptomatic plants in order to maintain the
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Fig. 1. Leaf water potential (Ψ) monitoring in 2018 and 2019 in V. vinifera cv. Sauvignon blanc. (A) Mean 6 SE ΨPD values over the experimental periods,
expressed in week of year from mid-June (week 25) to the beginning of October (week 40). Symbols and lines represent the year: circles and solid lines
for 2018, diamonds and dashed lines for 2019. Colors represent the different stresses: blue for control, red for esca symptomatic, and yellow for plants
under WD. (B) Relationship between ΨPD and midday water potential ΨMD over the 2 y; colors and symbols are the same as in A. The black line indicates
the 1:1 regression. A general effect of the treatment (i.e., control, esca, and WD) was found for ΨPD (F2,559 = 230.55, P < 0.0001) and ΨMD (F2,456 = 126.16,
P < 0.0001) using independent mixed linear general models fitting a normal distribution, treating the sampling date as a fixed effect and plant as a ran-
dom effect. In both cases (ΨPD and ΨMD), water potentials measured in control and esca plants were similar (P = 0.68 and P = 0.46), while WD presented
significantly different water potential values compared to control (P < 0.0001) and esca (P < 0.0001) using Tukey’s post hoc comparisons.
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same transpiration rate in leaves. Our results showed that mid-
day leaf water potential (ΨMD) was not significantly different
between WW control and esca-symptomatic plants (Ψ were
always measured in asymptomatic leaves) over two consecutive
years and was significantly lower after applying WD (Fig. 1B).
This indicates that, contrary to what we expected, esca-
symptomatic plants were able to regulate their water potential
similarly to control in asymptomatic leaves (i.e., without visual
symptoms). However, in 4 out of 111 ΨPD measurements, symp-
tomatic plants presented ΨPD < �0.5 MPa, and in many cases,
when we measured Ψ in symptomatic leaves, values were not
reliable, as gel, not water, was observed exuding from petioles.
This suggests that the disease leads to water transport impair-
ment in leaves when symptoms are present and, in some rare
cases, also in asymptomatic leaves. In these cases, we suspected
that the occlusions inside xylem vessels induced a hydraulic dis-
connection between the soil (at field capacity) and the leaf.
Given that esca has been shown to decrease leaf transpiration
rates (20, 36), we hypothesized that changes in stomatal conduc-
tance and/or leaf canopy surface contribute to the maintenance
of a sufficient water supply resulting in water potential values
similar to control plants.

Drought and Esca Caused Different Dynamics in Whole-Plant and
Leaf Gas Exchange. During drought, stomatal closure results
from decreases in xylem water potential and an accumulation
of abscisic acid in leaves (37). This mechanism prevents plants
from excessive water loss and xylem embolism (38). A decrease
in leaf gas exchange has also been observed during vascular dis-
eases (refs. 20 and 21, among others), but the underlying mech-
anisms are still unknown. Currently, there are two prevailing
hypotheses: 1) pathogen- and/or plant-derived vascular occlu-
sions decrease hydraulic conductivity inducing stomatal closure
(21, 33); or 2) pathogen-derived toxins and/or elicitors cause
cellular death, loss in photosynthetic efficiency, and a subse-
quent decrease in gas exchange (39, 40). To test how grapevines
control their stomatal conductance and transpiration during
esca leaf symptom development and compare this with water
deficit, we placed 20 plants in a mini-lysimeter greenhouse in
order to continuously measure transpiration and determine
whole-plant stomatal conductance (Gs, Fig. 3 A and B). We
also measured gas exchange (Fig. 3 D, i–iii) and chlorophyll
content (Fig. 3 D, iv) at the leaf level.

For two consecutive years, we observed two distinct recurrent
patterns of whole-plant Gs in stressed plants, one for plants
under water deficit, the other for plants presenting esca leaf
symptoms (Fig. 3A; note that day 0 is specific for each plant and
corresponds to the first day of water regime change during

drought or to the day on which the first symptomatic leaf
appeared during esca pathogenesis).The seasonal Gs dynamic in
control plants (around the average of 141.18 mmol � m�2 � s�1 in
Fig. 3A) is presented in SI Appendix, Fig. S1. We observed, as
expected, that before imposing a different watering regime, all
plants presented Gs similar to controls (Fig. 3 A, I). Once the
watering regime changed until 12 d after the change, total Gs
decreased, reaching a minimum average of 17.7 mmol � m�2 � s�1

(Fig. 3 A, II). Afterward, Gs stabilized at five times lower relative
to control plants (Fig. 3 A, III). In esca-symptomatic plants, we
observed that Gs followed (for every plant) the same pattern rel-
ative to the onset of symptom appearance. Before leaf symptom
development (when the plant is apparently healthy and asymp-
tomatic: period I), the level of Gs remained similar than in con-
trol plants (Fig. 3A). Concomitantly with the onset of symptoms
and until 12 d after symptom onset, total Gs decreased (Fig. 3 A,
II). Average Gs during period II for plants exhibiting symptoms
was greater than WD plants, attaining a minimum daily average
of 70.8 mmol � m�2 � s�1. However, 4 out of 10 plants reached
Gs values similar to plants under WD (∼30 mmol � m�2 �cs�1,
Fig. 3A). Later (i.e., after 13 d from the first leaf symptom
appearance: period III), Gs recovered, raising to an average value
of 103.8 6 2.2 mmol � m�2 � s�1. Similar to Gs dynamics, we
found that the whole-plant maximal transpiration (EMAX) sensibil-
ity to vapor pressure deficit (D) of esca plants was similar to con-
trols (i.e., highly sensible) in periods I and III, while it was similar
to WD (i.e., not sensible) in period II (SI Appendix, Fig. S2).

During WD, we observed that the reduction of Gs in periods
II and III corresponded to the decrease in soil water potential.
Likewise, whole-plant GsMAX (i.e., hourly maximum Gs value
of the day) decreased with decreases in ΨMD under WD (P <
0.0001, R2 = 0.40; Fig. 3B), especially below �1 MPa. However,
esca exhibited the opposite response with GsMAX increasing
with decreasing ΨMD (measured on asymptomatic leaves; P <
0.0001, R2 = 0.41; Fig. 3B). This result indicates that in WW
esca plants, even when ΨMD reaches fairly negative values (i.e.,
�1 MPa and below), nonsymptomatic leaves are receiving an
ample water supply to sustain gas exchange and do not need to
regulate their stomatal conductance.

During esca, the Gs drop in period II corresponded strongly
with a decrease in the functional canopy (Fig. 3 C, i). We
showed that during period II, the green canopy surface area
decreased linearly over time (Fig. 3C), and this decrease was
strongly correlated with the decrease in Gs (P < 0.0001, R2 =
0.65; Fig. 3 C, i). The following recovery in Gs and sensibility to
D (in period III) was probably due to the growth (and activity)
of new asymptomatic leaves at the top of symptomatic shoots
(one example in SI Appendix, Fig. S3), as we observed an
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increase of green canopy (Fig. 3C) and total leaf surface (after
day 230 in SI Appendix, Fig. S4).

At the leaf level, we observed that the gas exchange (gs, A
[assimilation], and WUE [water use efficiency]) and the chloro-
phyll content remained similar between control and asymptom-
atic healthy leaves from esca plants throughout the season
(SI Appendix, Fig. S5), confirming the hypothesis that esca
affects the vine physiology only after expressing the visual symp-
toms. Regarding the comparisons between esca-symptomatic,
control, and WD leaves, we observed that leaves from control
plants presented a significantly higher stomatal conductance
(gs) than esca-symptomatic and WD leaves (Fig. 3 D, i and
SI Appendix, Table S1). For net CO2 assimilation (A, Fig. 3 D, ii
and SI Appendix, Table S1), control leaves presented higher val-
ues than esca-symptomatic and WD leaves. Although A and gs
were reduced during both esca leaf symptom development and
WD, the quantity of assimilated CO2 relative to the H2O loss

was different. Consequently, WUE was only reduced in esca-
asymptomatic leaves, (Fig. 3 D, iii and SI Appendix, Table S1).
Confirming that photosynthesis was more affected in esca-
symptomatic leaves than in WD leaves, we observed that the
total chlorophyll content was significantly lower in esca-
symptomatic leaves (Fig. 3 D, iv). Esca and WD both signifi-
cantly affected whole-plant Gs but with very different seasonal
dynamics, gas exchange, and photosynthetic activity at the leaf
level. Given these differences, we explored the consequences on
NSC production and storage.

NSC Storage and Balance during Esca and Drought. Pathogens and
drought may cause an imbalance in carbon status by variously
affecting photosynthesis and growth (1). Thus, at the start of the
stress period or when stress is moderate, photosynthesis is usually
less affected than growth, which leads to the accumulation of sug-
ars (41). However, when the stress is prolonged or becomes
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severe, photosynthesis is in turn inhibited, eventually causing the
depletion of stored NSC, thereby accelerating plant decline. Also,
vascular pathogens could reduce photosynthetic activity by caus-
ing cellular/leaf death, actively consume NSC for their survival,
induce C-expensive plant defenses, and indirectly interfere with
phloem transport when they generate xylem hydraulic failure (3).
In order to understand how esca and WD affect the carbon
(im)balance, NSC were quantified in annual organs (leaves) dur-
ing summer 2018 and 2019 and in perennial organs (stems of the
current year) in winter (January 2019) and summer 2019 (Figs. 4
and 5 and SI Appendix, Figs. S6–S9 and Tables S2 and S3).

Strikingly, none of the treatments induced severe carbon deple-
tion, as the NSC levels were always relatively high [comparing our
results to different NSC quantifications (42)]. It is important to
note that in these grapevines, fruit clusters were removed right
after budbreak, so crop load differences would not influence the
NSC content in our samples. In 2018, we observed that all leaves
(from control, symptomatic, or WD plants) presented the same
content of total NSC (around 130 μmol � g fresh weight (gFW�1);
Fig. 4A and SI Appendix, Table S2). In 2019, total NSC content in
leaves was significantly decreased only by WD conditions (Fig. 4B
and SI Appendix, Table S2). In 2019, control stems presented a
significantly higher NSC content (186.6 6 10 μmol � gFW�1, on
average) compared to the other stems (Fig. 4C and SI Appendix,
Table S3). In 2019, we observed an opposite NSC distribution
between leaves and stems (Fig. 4 B and C) depending on the stress:
control and esca-symptomatic plants presented higher NSC con-
tent in leaves than in stems, while during WD (second year), NSC
content was higher in stems than leaves. This result could indicate
that esca andWD differently affect primary metabolism and carbo-
hydrate storage dynamics.

Partitioning the different carbohydrates, we observed differ-
ent dynamics for esca and WD (Fig. 5 and SI Appendix, Figs.
S6–S9 and Tables S2 and S3). Esca-symptomatic and WD
leaves accumulated high levels of hexoses (glucose and fruc-
tose) during both years (two to five times higher compared to
controls, except for glucose during WD in 2019, Fig. 5 A and B
and SI Appendix, Table S2). Sucrose content was significantly
lower for esca-symptomatic leaves (0.5 times compared to con-
trols both years), while it was similar to (or slightly lower than)
control during WD (Fig. 5 A and B). Confirming this trend, we
found that hexoses and sucrose in leaves exhibited opposite
relationships when related to leaf symptom severity in which
glucose and fructose significantly increased, while sucrose sig-
nificantly decreased with symptom severity (i.e., percentage of
green leaf tissue; SI Appendix, Fig. S7). Starch was significantly
lower during both stresses (0.5 times lower on average), espe-
cially during the second year of WD (0.1 times compared to
controls, corresponding to 9 6 2.4 μmol � gFW�1), indicating
that carbon reserves were consumed (or not produced) in
response to stress. In stems, we observed differences in fructose
content with significantly higher levels during WD (1.5 times
relative to control; Fig. 5C and SI Appendix, Table S3), suggest-
ing that the growth inhibition leads to hexose accumulation
also in perennial organs. Sucrose was significantly lower in
esca-symptomatic stems (0.3 times relative to control; Fig. 5C),
indicating that reduced phloem transport (sucrose is the mobile
NSC form) or an increased invertase activity could be present
in stems. During esca and WD, stems exhibited glucose and
starch contents similar to (or slightly different from) controls,
showing that reserve accumulation is still active during these
stressing conditions (Fig. 5C). Asymptomatic (healthy) leaves
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and stems from esca plants presented a variable carbohydrate
content (SI Appendix, Fig. S8). In most of the cases, they pre-
sented carbohydrate content similar to control plants, while for
others (especially in the total NSC content in leaves and stems
in 2019), their NSC dynamic was more similar to esca-
symptomatic samples. Finally, it is worth noting that in the
NSC quantification in stems during the winter 2018 to 2019
dormancy (i.e., stems produced in 2018 and sampled the next
winter between the two experimental seasons), none of the
quantified metabolites were significantly different compared to
controls (SI Appendix, Fig. S9 and Table S3).

The Long-Term Esca Leaf Symptom History Did Not Impact Plant
Physiological Response to Drought. We observed that drought
inhibits esca leaf symptom expression (Fig. 2). We then
explored whether plant response to drought differed between
asymptomatic plants with contrasting disease histories (pA-pS).
As presented in Fig. 6 and SI Appendix, Table S4, we found that
the disease’s historical record had no significant effect on any
of the recorded variables (water potential, whole-plant and leaf
gas exchange, and NSC). This result suggests that esca does not
alter long-term plant susceptibility to drought. Bortolami et al.
(14) observed that plants with different disease histories pre-
sented similar hydraulic integrity; here, we confirmed that esca
leaf symptom development affects the plant physiology mainly
during the year of expression and not over the long term. These
findings can partially explain why esca-symptomatic plants can
frequently appear asymptomatic during the successive seasons
[as observed in field surveys (43, 44)].

Discussion
Increasing plant mortality is one of the major issues threatening
perennial forestry and agricultural ecosystems. The impact of

biotic–abiotic stress interactions on plant physiology certainly
plays a crucial role in the extent of this mortality. Here, we
studied the interaction between drought and vascular disease
and the subsequent physiological consequences in the grape-
vine. Esca (a vascular disease) and drought are two stresses
that frequently coexist in vineyards. Even though there is anec-
dotal evidence that hot periods could contribute to the induc-
tion of esca leaf symptom appearance (45–47), the underlying
plant physiological status has still never been detailed during
these events, leaving many doubts about how drought and esca
interact.

We demonstrated that prolonged WD conditions (at ΨPD ∼ �1
MPa for 3 mo) totally inhibited esca leaf symptom development.
At the same time, plant disease history (i.e., esca leaf symptom
expression over several years) had no impact on plant response
to drought. Under the drought condition applied, plant transpi-
ration was low while hydraulic integrity was preserved
(SI Appendix, Figs. S3 and S10). The most prominent hypothe-
sis of esca leaf symptom formation states that toxins (or elici-
tors) are transported from pathogen niches in the trunk to
leaves through the transpiration stream (8). The drought–esca
antagonism suggests that 1) transpiration is a key mechanism
driving esca leaf symptom expression and that 2) drought could
trigger systemic responses that might interfere with pathogenic-
ity (e.g., reducing fungal toxic activities) and/or enhance plant
defenses (e.g., accumulation in soluble sugars and phenolic
compounds). The clear antagonism between esca and drought
strengthens the importance of integrative studies (i.e., monitor-
ing plant physiology under multiple stresses) to understand the
role of climate in perennial plant decline. We highlighted the
need to determine the physiological thresholds triggering differ-
ent plant responses to stress if we are to understand and
predict the impact of climate change on agroecosystems. Inter-
preting our results, we could expect that future climate change
could lead either to a decrease in esca incidence if ΨPD reaches
low values (around �1 MPa) or an increase in esca incidence if
the vapor pressure deficit increases but water availability
remains sufficient to sustain high transpiration. Moreover,
other practices, such as irrigation, that can temporarily mitigate
WD could accelerate vine decline by esca. In this context,
changing cultural practices in the absence of a complete under-
standing of biotic–abiotic interactions and the different physio-
logical thresholds contributing to plant mortality could lead to
unforeseen outcomes.

Esca and drought primarily affect the same plant tissue: the
xylem vasculature. This simple fact, coupled with other similari-
ties between the phenology of these stresses, have led many
authors to hypothesize that vascular pathogens and WD induce
the same mechanisms prior to plant death (2, 33). Our results
largely reject this hypothesis, finding that the two stresses
induced distinct physiological responses. We demonstrated in
previous work that esca pathogenesis is associated with hydrau-
lic failure caused by vascular occlusion (13, 14), which contrasts
with the cavitation-induced hydraulic failure during drought
(48). Here, we showed that esca never caused any significant
changes in the water potential gradient during our 2-y study.
This result can be explained by the observation of whole-plant
stomatal conductance. Gs decreased during esca leaf symptoms
(as during WD in period II; Fig. 3A), but it was directly corre-
lated with the percentage of symptomatic leaves (percent of the
total plant canopy), not by a change in soil (i.e., predawn) water
potential as during drought. Consequently, as stomatal conduc-
tance decreased linearly with esca leaf symptom development,
the remaining functional (i.e., nonoccluded) xylem vessels sus-
tain sufficient water transport to nonsymptomatic leaves, which
function similarly to controls. Interestingly, we observed that 2
to 3 wk after the first apparition of leaf symptoms, on top of
symptomatic shoots, new asymptomatic shoots grew and that
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Fig. 6. Effect of disease history on plant physiological response to drought.
The colors represent the absence (pA, light yellow) or presence (pS, dark yel-
low) of esca leaf symptoms between 2012 and 2017 in plants submitted to
WD in 2018 and 2019. (A) CO2 assimilation (A, μmol � m�2 � s�1), (B) whole-
plant stomatal conductance (Gs, mmol � m�2 � s�1), (C) predawnwater poten-
tial (ΨPD, MPa), (D) total NSC in stems (μmol � gFW�1) after changing the
watering regime. The disease history (pA versus pS) had no significant effect
on these or other (SI Appendix, Table S4) recorded variables. Boxes and bars
show the medians, quartiles, and extreme values, circles within boxes corre-
spond to means, and circles outside boxes correspond to outlier values.
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Gs recovered to a level close to control plants. Confirming this
trend, we observed that at the whole-plant scale, transpiration
sensibility to vapor pressure deficit was similar to WD conditions
only during esca leaf symptom formation (i.e., in period II;
SI Appendix, Fig. S2) and that asymptomatic regrowth was able
to restore whole-plant transpiration rates equivalent to controls
in period III. In vineyards, grapevines are often continuously
trimmed during summer to control canopy size; thus, only one
study reported asymptomatic regrowth in the field after extreme
esca leaf symptom development (47). In the future, new atten-
tion should be given to how asymptomatic regrowth could
restore (or mitigate) the negative effects of esca symptoms on
berry quality and reserve synthesis. For example, our study
showed that esca did not influence stem starch content in winter
[SI Appendix, Fig. S9, contrasting from Petit et al. (36)]; this
could be due to the presence of new asymptomatic leaves that
helped maintain starch reserves as in control plants.

Measurements at the leaf level showed that the photosyn-
thetic apparatus is more compromised during esca than during
drought. This result could support two hypotheses: 1) a toxic
molecule, produced by the pathogens in the trunk and trans-
ported by the xylem, could interfere with the leaf functioning,
and/or 2) hydraulic failure (13, 14) might impair phloem trans-
port, causing a subsequent accumulation of hexoses in leaves
and a down-regulation of leaf A and gs. Indeed, esca-
symptomatic leaves and stems consistently exhibited lower
sucrose concentrations (the main sugar transport form) and
higher hexose content, suggesting that carbohydrate efflux from
leaves would be reduced during esca and the invertase activity
enhanced. It has been shown that the accumulation of hexoses
and/or the increased ratio of hexoses to sucrose during biotic
stress could stimulate genes related to plant defense and accel-
erate leaf senescence (49). Therefore, both toxic metabolites
and hydraulic failure (loss of hydraulic conductance) could con-
tribute to leaf senescence and esca symptom formation.

In conclusion, even if esca and drought were antagonistic
when applied simultaneously, and if esca had no long-term
impact on drought susceptibility, both stresses negatively
impacted perennial organs and plant physiological functioning
(although in distinct ways). Consequently, drought and vascular
disease could act synergistically over the longer term, contributing
together to plant decline.

Materials and Methods
Plant Material and Esca Symptom Notation. The grapevine variety Sauvignon
blanc (Vitis vinifera), grafted onto 101-14 Millardet et de Grasset (101-14
MGt), was planted in 1992 at INRAE Nouvelle-Aquitaine Bordeaux
(44°47024.800N, 0°34035.100W). Following the protocol from Bortolami et al.
(13), plants (n = 51) were uprooted in winter 2018 and transferred into 20-L
pots, allowing environmental and physiological monitoring. During the two
experimental seasons (2018 and 2019), fruits and secondary shoots were
removed just after budbreak. In the greenhouse, plants were irrigated with
nutritive solution (0.1 mM NH4H2PO4, 0.187 mM NH4NO3, 0.255 mM KNO3,
0.025 mM MgSO4, 0.002 mM Fe, and oligoelements [B, Zn, Mn, Cu, and Mo]);
climatic conditions were monitored every 15 min using temperature and
humidity probes (S-THB-M002, Onset) and global radiation sensors (S-LIx-
M003, Onset) connected to a data logger (U300-NRC, Onset). From 2012, the
development of esca leaf symptoms for all plants was monitored in the vine-
yard (2012 to 2017) and in the greenhouse (2018 to 2019) following Lecomte
et al. (12) to classify the plants as asymptomatic or esca symptomatic every
year. Before the experiment started (May 2018), each plant was classified by
its disease historical record: plants that never expressed symptoms since 2012
(pA) and plants that expressed symptoms at least once since 2012 (pS). During
the 2 y of experimentation, the appearance of leaf symptoms was checked
twice per week (from June 2018 to October 2019) on every plant. Conse-
quently, each sample (leaf or stem) was classified by both a general disease
status of the whole plant and of the specific collected organ: samples from
control plants (i.e., asymptomatic from June to October), asymptomatic sam-
ples from symptomatic plants (both before and after symptom appearance),
and symptomatic (presenting tiger-stripe leaves) samples. One example of

esca symptom appearance and evolution is presented in SI Appendix, Fig. S3.
To test for the presence of esca-related vascular pathogens in these plants, we
detected and quantified, at the end of the experimentation, the DNA of two
ascomycete pathogens (Phaeomoniella chlamydospora and Phaeoacremo-
nium minimum) in the trunk of 24 plants among the 51 (see the method and
results in SI Appendix, Method S1 and Table S5).

Balance Data Analysis. Frommid-June to October (in 2018 and 2019), a subset
of plants (n = 20) was placed in a mini-lysimeter greenhouse phenotyping
platform (Bord’O platform, INRAE Bordeaux) in which pots were continuously
weighed on individual scales (CH15R11, OHAUS type CHAMP). The pots were
placed into dark plastic bags well fixed around the trunk to prevent water loss
by soil evaporation. The whole-plant transpiration E (mmol � s�1 � m�2) was
calculated as follows:

E ¼ Δw

AL
×

1
MWw

, [1]

where Δw corresponds to the weight changes during every hour (grams per
second), AL to the total leaf area of the plant (square meters), and MWw to
the molecular weight of water (18 g � mol�1). Δw was considered only when
not aberrant (i.e., between 0 and �0.5 kg � h�1). Moreover, to avoid rarely
recorded Δw, extreme outlier values (i.e., values three times lower than the
lower quartile or three times higher than the highest quartile) were removed
for each day and plant. Total leaf area (AL) was estimated through the rela-
tionship obtained between the leaf midrib length and the leaf surface (mea-
sured with a leaf area meter: LI-3000, LI-COR) for ∼150 leaves. Leaf midribs
were measured on all the leaves of each plant every week in 2018 and every
other week in 2019 and, in case of esca symptom presence, every leaf was
noted as asymptomatic, esca-symptomatic, or from asymptomatic regrowth.
In themajority of symptomatic plants, 5 to 15 d after leaf symptoms appeared,
new green shoots grew from the secondary buds: they were noted as
“asymptomatic regrowth” (e.g., SI Appendix, Fig. S3). In order to obtain a
daily constant change in leaf area, a linear increase (or decrease) was interpo-
lated between each measure of leaf area. Likewise, a constant change in the
percentage of symptomatic leaves was interpolated between each measure.
The whole-plant stomatal conductance Gs (millimoles per second per square
meter) was calculated as follows:

Gs ¼ KG Tð Þ x E
D
, [2]

where KG(T) corresponds to the conductance coefficient (kPa � m3 � kg�1), E to
the transpiration, and D to the vapor pressure deficit (kPa) calculated using
relative humidity (%) and T (°C) from climatic records (50). To avoid errors in
Gs estimations, values were used for analysis only when D was >0.6 kPa (51)
and light conditions were saturating for photosynthesis (>700 μmol � m�2 � s�1

photosynthetic photon flux density).

WD Treatment and Maintenance. At the beginning of the two seasons, every
plant was watered at its maximum capacity and left to drain water excess for
half a day. The resulting weight was taken as field capacity, and WW plants
were irrigated to this weight every other day. The average watering volume
from the plants on the scales was used to water the remaining plants that
were not on the balances. WDwas induced on 25 (over 51) plants for two con-
secutive seasons (the same plants were subjected to water deficit in 2018 and
2019 from July to October), and the other 26 plants were kept underWW con-
ditions. Among these plants, the 20 placed on the scales were half WW and
half under WD. At the beginning of the experimentation in 2018, half of the
WD plants had never expressed esca leaf symptoms since 2012 (pA), while the
other half expressed symptoms at least once in the past (pS). Similarly, 14 out
of the 26 plants under the WW regime were previously asymptomatic (Fig. 2).
On the first of July 2018 and 2019, we stoppedwatering the plants.WD plants
were maintained for a period of 3 mo (from July to October 2018 and 2019) at
a target weekly averageΨPD between�0.6 and�1.7 MPa, with outliers below
or above these thresholds representing 20% of the values (SI Appendix,
Fig. S11). These conditions are sufficient to reduce plant transpiration without
decreasing stem hydraulic conductivity in the grapevine (27). We checked ΨPD

with a Scholander pressure chamber (Precis 2000) on three up to five plants
every other day and every day on two plants with stem psychrometers (ICT
International). Placed in a central internode of a stem of the current year, the
psychrometers record the stemwater potential (ΨStem) every 30min. Once ΨPD

reached an average of �1 MPa, we noted the exact weight for the 10 plants
placed on the scales (see Balance Data Analysis). These plants were then
watered with nutritive solution every 3 d (and at necessity when ΨPD dropped
below �1.5 MPa) at this weight until the end of the experiment (beginning of
October). The average watering volume from these plants was used to water
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the remaining 15WD plants that were not on the balances. During the whole
experiment, we watered WD plants with 0.1 to 0.6 L every 3 d in pots with a
pot capacity between 6 and 8 L (i.e., approximately from 1 to 10% of the
field capacity).

Hydraulic Integrity and Water Potential Analysis. To check the effect of WD
on the hydraulic integrity of the perennial organs, in 2019, wemeasured stem
specific hydraulic conductivity (ks) and stem theoretical hydraulic conductivity
(kth) in 73 different stems (39 control and 34 from WD plants) over nine sam-
pling dates (SI Appendix, Fig. S10) as explained in Bortolami et al. (14). Water
potential was monitored in at least 25 plants per date (every week in 2018
and every other week in 2019) from June to October in 2018 and 2019. We
measured Ψ (both ΨPD and ΨMD) on 26 different dates, corresponding to 632
measures in control (asymptomatic WW) plants, 213 in esca-symptomatic
plants, and 650 in WD plants. Every water potential measurement was done
on mature leaves with a Scholander pressure chamber. ΨPD was measured
between 4:00 and 6:00 AM, ΨMD on well-exposed leaves between 1:00 and
3:00 PM. Regarding esca-symptomatic plants, water potentials weremeasured
only on asymptomatic (green) leaves. The presence of gel and tyloses in the
xylem vessels of symptomatic leaves [demonstrated by Bortolami et al. (13)]
made the detection of water potential with the pressure chamber difficult
(and sometimes impossible). Sometimes gel (and not water) was rapidly
exuded from the petioles at high Ψ (∼0 MPa), and sometimes it appeared at
low Ψ (between �1 and �3 MPa) or did not appear at all (<�7 MPa). How-
ever, in asymptomatic leaves, gel was not detected during Ψ measurements;
therefore, the values should reflect the water status of the plant.

Gas Exchange Analysis. Once per week from June to October 2019, maximal
leaf gas exchangemeasurements were registered between 9:00 AM and 12:00
PM on mature well-exposed leaves using the TARGAS-1 portable photosyn-
thesis system (PP Systems). Optimal conditions of photosynthetic active radia-
tion were set in the cuvette (1,500 μmol �m�2 � s�1). The following parameters
were recorded on each leaf: stomatal conductance, gs (millimoles per second
per square meter); CO2 assimilation, A (micromoles per second per square
meter); water use efficiency, WUE (= A/gs) (micromoles of CO2 per millimole
of H20). In some cases, the level of CO2 absorbed (A) by the leaf was negative.
In these cases,Awas either close to zero (between 0 and�1 μmol � s�1 �m�2, n
= 24, 16 water deficit and 8 esca-symptomatic) or negative (between �2 and
�20 μmol � s�1 � m�2, n = 20 esca symptomatic). We considered the first group
of measures as a possible leaf respiration (at the limit of detection) and the
highly negative A values as artifacts given by the advanced leaf destruction
during symptoms. Consequently, we manually changed all these records in A
= 0 andWUE = 0. However, other studies should confirm the possible high res-
piration (i.e., CO2 rejection) rates during esca leaf symptoms. Measurements
were performed on 50 plants on 12 different dates for a total of 290 measures
(66 measures on control leaves, 65 on asymptomatic leaves on esca plants, 48
on esca-symptomatic leaves, and 111 on WD leaves). For symptomatic leaves,
gas exchanges were measured on their green part as much as possible. Plants
under WD were considered for analysis only when ΨPD < �0.5 MPa, as plants
with ΨPD > �0.3 MPa (i.e., when every plant was still under WW conditions)
presented values similar to control plants (F1,13 = 0.25, P = 0.62 for A, F1,13 =
1.98, P = 0.18 for gs).

NSC and Chlorophyll Quantification. To quantify NSC over the course of the
experimentation, leaves were sampled every week in 2018 on 24 random
plants (half WW and half WD) on the same day and plants we measured ΨPD

andΨMD. In 2019, leaves and stems were sampled every other week on 12 ran-
dom plants (half WW and half WD), thus resulting in 25 sampling dates on 51
plants for a total of 509 samples, specifically, in 2018: 94 leaves from control
plants, 66 esca-asymptomatic, 26 esca-symptomatic, and 132 WD leaves; in
2019: 31 leaves and 32 stems from control plants, 20 leaves and 10 asymptom-
atic stems from esca plants, 11 leaves and 6 esca-symptomatic stems, and 33
leaves and 30 WD stems. All samples (stems or leaf blades) were collected in

the early morning (between 7:00 and 10:00 AM) to avoid effects of NSC diel
fluctuations, directly put in liquid nitrogen, and stored at�80°C until analysis.
For stems, one internode (including wood and bark) was sampled. For leaves,
the whole blade (including green and scorched areas for symptomatic leaves)
was sampled. Frozen samples were ground with ball tissue lyser (GenoGrinder
2010, Spex Sample Prep, at 30 Hz for 45 s for leaves and Tissuelyser II, Qiagen,
for stems). A total of 20 6 2 mg powder was weighted into 1.1-mL micronic
tubes (MP32033L,Micronic), adding approximately the same volume of polyvi-
nylpolypyrrolidone (77627, Sigma-Aldrich) to precipitate polyphenols and
avoid interaction with the enzymes used to measure NSC. Samples were ran-
domized into 96-micronic racks (MPW51001BC, Micronic). Every rack con-
tained a maximum of 84 samples, six empty tubes (for extraction blank), and
six tubes with a biological standard (obtained by mixing the powder from dif-
ferent samples). Assays were performed as described in Biais et al. (52) using
the Starlet pipetting robot (Hamilton). After an ethanolic extraction, we
divided (from every tube) the supernatant from the pellet. Determination of
chlorophyll content was adapted from Arnon (53). Immediately after extrac-
tion, 50 μL supernatant was mixed with 120 μL 98% ethanol and the
absorbance was read at 645 and 665 nm in a microplate reader (SAFAS
MP96). Chlorophyll content, expressed as milligrams per gram fresh weight,
was calculated using the following empirical formulas:

Chlorophyll a ¼ 5:21 x A665 � 2:07 x A645, [3]

Chlorophyll b ¼ 9:29 x A645 � 2:74 x A665, [4]

which have been obtained by using commercial chlorophyll;A645 andA665 cor-
respond to the two absorbances. Glucose, fructose, and sucrose, expressed as
μmol � gFW�1, were quantified in 5 μL ethanolic supernatant, and the absor-
bancewas read at 340 nm inMP96microplate readers (54). For the determina-
tion of starch, expressed as μmol � gFW�1, the pellet was suspended in 0.1M
NaOH and heated at 95 °C for 20 min and neutralized with HCl, and starch
was then quantified from 5 μL supernatant and the absorbance read at 340
nm inMP96microplate readers as in Hendriks et al. (55).

Statistical Analysis. The effect of esca leaf symptoms and WD was tested on
water potential (ΨPD and ΨMD), leaf gas exchange (gs, A, WUE), chlorophyll
content (a+ b), and NSC (glucose, fructose, sucrose, starch, and total NSC) con-
tent in leaves and stems using independent mixed linear general models (one
per each response variable, organ, and experimental year). The treatment
(control, esca-asymptomatic, esca-symptomatic, and WD leaves) and the sam-
pling date were entered as fixed effects (covariables), and the plant was
treated as a random effect, since different leaves were sometimes analyzed
from the same plant in the GLIMMIX procedure (SAS 9.4; SAS Institute), and
logarithmic transformations were done when appropriate to fit normality.
Specific treatments were compared using Tukey’s post hoc tests adjusted for
multiple comparisons. The relationships between ΨMD on GsMAX during WD
and esca and between the green surface (using 5% interval average values)
and Gs were calculated using linear regression models in the REG procedure
(SAS 9.4; SAS Institute).

Data Availability. Raw datasets are available in the INRAE dataverse:
https://data.inrae.fr/citation?persistentId=doi:10.15454/SHLIHA, Portail Data
INRAE, V1 (56).
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